Abstract We studied the tephra inventory of 14 deep sea drill sites of three Deep Sea Drilling Project and Ocean Drilling Program legs drilled offshore Guatemala and El Salvador (Legs 67, 84, and 138) and one leg offshore Mexico (Leg 66). Marine tephra layers reach back from the Miocene to the Holocene. We identified 223 primary ash beds and correlated these between the drill sites, with regions along the volcanic arcs, and to specific eruptions known from land. In total, 24 correlations were established between marine tephra layers and to well-known Quaternary eruptions from El Salvador and Guatemala. Additional 25 tephra layers were correlated between marine sites. Another 108 single ash layers have been assigned to source areas on land resulting in a total of 157 single eruptive events. Tephra layer correlations to independently dated terrestrial deposits provide new time markers and help to improve or confirm age models of the respective drill sites. Applying the respective sedimentation rates derived from the age models, we calculated ages for all marine ash beds. Hence, we also obtained new age estimates for eight known but so far undated large terrestrial eruptions. Furthermore, this enables us to study the temporal evolution of explosive eruptions along the arc, and we discovered five pulses of increased activity: (1) a pulse during the Quaternary, (2) a Pliocene pulse between 6 and 3 Ma, (3) a Late Miocene pulse between 10 and 7 Ma, (4) a Middle Miocene pulse between 17 and 11 Ma, and (5) an Early Miocene pulse (ca. >21 Ma).
Introduction
Understanding the long-term evolution of volcanic systems is one important way of assessing future volcanic hazards (e.g., Freundt et al., 2006; Kutterolf et al., 2013) . This is especially important for regions along volcanic arcs that are highly populated and therefore particularly vulnerable in case of a natural catastrophe. Highly explosive volcanism is an essential part of the arc volcanism particularly in ocean-continent subduction zones and is assumed to be representative for the entire arc volcanism in these regions (e.g., Deligne et al., 2010; Mason et al., 2004; Pyle, 1995) . Widely distributed ash, as one major eruptive product, is best preserved in mostly nonerosive marine and lacustrine environments, which thus provide the most complete record of such highly explosive volcanic activity over long time scales (Carey, 2000; Keller et al., 1978; Ledbetter, 1985; Schindlbeck, Kutterolf, Freundt, Andrews, et al., 2016; . Wide areal distribution across sedimentary facies boundaries, near-instantaneous emplacement, unambiguous chemical compositions, and the presence of minerals suitable for radio-isotopic dating make the deposits of volcanic eruptions to excellent stratigraphic marker beds in terrestrial and marine sediments. Furthermore, they provide constraints on the temporal evolution of both the volcanic source region and the ash-containing sediment facies (e.g., Kutterolf, Liebetrau, et al., 2008; Kutterolf et al. 2016; Ponomareva et al., 2013 Ponomareva et al., , 2015 Ponomareva et al., , 2017 Schindlbeck, Kutterolf, Freundt, Andrews, et al., 2016; .
In this contribution we focus on tephrostratigraphic correlations between Deep Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP) sites and the correlation of marine tephras to volcanic complexes and eruptions from Central America. The investigated DSDP/ODP sites are located in the Pacific Ocean offshore (Figures 1 and 2 ; Leg 67 drilled in 1979, Leg 84 drilled in 1982, and Leg 138 drilled in 1991; Mayer et al., 1992; von Huene et al., 1985) . Both arcs are known for numerous Quaternary Plinian and ignimbrite producing eruptions that generated widely dispersed pumice and ash deposits.
The overarching goal of this contribution is to establish a most complete chronotephrostratigraphy for highly explosive eruptions in this region that reaches back to the Early Miocene offshore Guatemala and El Salvador and back to the Late Miocene offshore Mexico. The results contribute to the discussion how the Late Cenozoic explosive volcanism in northern Central America evolved through time and provide new insights into the longevity of known Pleistocene volcanic centers.
Geological Background and Tephrostratigraphy
The volcanic arcs from Mexico, Guatemala, and El Salvador are located above the subduction zones of the Cocos Plate and Rivera Microplate that subduct beneath the Caribbean Plate (convergence rate of 70-90 mm/a; Barckhausen et al., 2001; DeMets, 2001 ) and the North American Plate (Figures 1 and 2 ). The CAVA extends continuously from the MexicanGuatemalan border over~1,100 km to central Costa Rica parallel to the Middle American Trench (MAT; Figure 1 ). The TMVB in Mexico is not parallel to the MAT but extends continuously over 1,000 km from West to East away from the trench (Figure 1 ). Volcanism in Mexico, south of the TMVB, is discontinuous and limited to isolated fields that are also not parallel to the trench (Mora et al., 2007) ; these include the Chiapanecan Volcanic Arc (CVA) and the Los Tuxtlas Volcanic Field (LTVF; Ferrari et al., 2012 ; Figure 1 ). Slightly oblique subduction at both, the Northern Central American (El Salvador and Guatemala) as well as the Mexican arc systems, occurs beneath a thick continental crust (40 km). Both subduction systems are erosional convergent margins resuming in high sedimentation rates due to rapid shortening and deepening depositional systems in the forearc (Clift & Vannucchi, 2004) . 
CAVA
Along the CAVA, the slightly oblique subduction causes tectonic segmentation of the arc (DeMets, 2001; Funk et al., 2009) , and subduction conditions such as state of hydration of the Cocos Plate and composition of its sediment cover, slap dip angle, and upper-plate crustal thickness and composition vary significantly along the subduction zone (Abers et al., 2003; Carr, 1984; Hoernle et al., 2002; Plank et al., 2002; Syracuse & Abers, 2006) . This causes systematic regional variations in geochemical compositions of Quaternary volcanic rocks along the arc and between arc segments, which have been extensively studied (e.g., Carr, 1984; Carr et al., 1990 Carr et al., , 2003 Feigenson & Carr, 1986; Feigenson et al., 2004; Freundt et al., 2014; Hoernle et al., 2008; Patino et al., 1997 Patino et al., , 2000 . Principal variations of major element are Na 2 O decreases from Guatemala to Nicaragua and subsequent increase in Central Costa Rica (Carr, 1984; Carr et al., 2007) , while FeO varies inversely with Na 2 O, which Plank and Langmuir (1988) explain with changes of crustal thickness (high Na 2 O and low FeO where the crust is thicker). In Central and NW Costa Rica, the volcanic rocks of the last 6 Myr carry the ocean island signature of the subducted Cocos Ridge (e.g., Carr et al., 2007; Gazel et al., 2009; . The Ba/La, Ba/Th, and U/Th ratios are the highest in Nicaragua and decrease toward Guatemala as well as to Costa Rica, which can be attributed to a higher slab sediment component and high fluid flow (Cameron et al., 2002; Carr et al., 1990) . The La/Yb ratio instead shows an inverse variation to Ba/La and is a proxy for the degree of melting (Cameron et al., 2002) . High Rb/Hf and Th/Nb ratios in Guatemala and northern El Salvador possibly indicate a crustal melt signature (Hannah et al., 2002; Heydolph et al., 2012; Walker et al., 2007) .
In the northern part of the arc, volcanic activity can be dated back to the Eocene (Donnelly et al., 1990) . During Quaternary and Pliocene to Miocene times, large caldera systems in El Salvador/Honduras and Guatemala produced large-magnitude eruptions of highly evolved, silicic magmas (e.g., Jordan, Sigurdsson, Carey, Lundin, et al., 2007; Reynolds, 1980 Reynolds, , 1987 Rose et al., 1999; Weyl, 1980) , and some of these large eruptions contributed also to the marine tephra record offshore the southern CAVA (Jordan et al., 2006; . The stratigraphy of several highly explosive eruptions from, for example, Ilopango, Coatepeque, Ayarza, Amatitlán, and Atitlán calderas is quite well known for late Pleistocene times (e.g., Koch & McLean, 1975; Kwasnitschka, 2009; Rose et al., 1987 Rose et al., , 1999 . But less is known about older eruptions from ancestor volcanic systems. The major tephra deposits for the modern calderas from El Salvador and Guatemala are summarized in Figure 3 and Table 1 .
Mexican Volcanic Arcs
Two major volcanic provinces exist in Mexico during the Cenozoic; the Sierra Madre Occidental (EoceneMiddle Miocene) and the TMVB (Miocene-Recent; e.g., Verma & Carrasco-Núñez, 2003) . The arc of the Sierra Madre Occidental strikes north to northwest and lies north of the east-west trending TMVB (outside the northern bounds of Figures 1 and 2a) . The relationship and temporal transition of volcanic activity from the Sierra Madre Occidental to the TMVB are still under discussion but accompanied by a shift in the predominant volcanic products from evolved ignimbrites and rhyolites to andesitic and basaltic lavas (e.g., Ferrari et al., 1999; Morán-Zenteno et al., 1999; Verma & Carrasco-Núñez, 2003) . Lenhardt et al. (2010 Lenhardt et al. ( , 2011 postulate an initial phase of the TMVB retained in the Tepoztlán Formation that reaches back to the Early Miocene.
Volcanism in the TMVB is dominated by calc-alkaline Neogene to Quaternary cones, maars, domes, and stratovolcanoes, but several areas with alkaline volcanism exist. Several workers proposed genetic models for the TMVB that vary from the classical subduction model, for example, a mantle plume (e.g., Márquez et al., 1999; Moore et al., 1994) or continental rifting (Sheth et al., 2000; Verma, 2002) , to explain the geochemical variations (a review on the TMVB evolution is provided by Ferrari et al., 2012) . Detailed tephrostratigraphic studies have been conducted mainly on Holocene to Late Pleistocene deposits (e.g., Newton & Metcalfe, 1999; Ortega-Guerrero & Newton, 1998) , whereas studies of Early Pleistocene and Neogene tephra sequences are rare. Several volcanic complexes have produced large eruptions during the Holocene and the Late Pleistocene. A summary of these eruptions is presented in Table 2 .
South of the TMVB, the volcanism in the Mexican CVA (Figure 1 ) is dominated by dome volcanism and associated phreatomagmatic explosive volcanism (Mora et al., 2007) . However, El Chichón Volcano, the youngest edifice of the CVA (Damon & Montesinos, 1978) , is also known for historical and Holocene highly explosive 10.1029/2018GC007832 Geochemistry, Geophysics, Geosystems Plinian eruptions (Espindola et al., 2000; Macías et al., 2003) . Little is known about earlier eruptions, although rocks of the volcano flanks were dated to~200,000-280,000 years BP by K-Ar techniques (Damon & Montesinos, 1978; Duffield et al., 1984) .
The LTVF is located on the Gulf of Mexico coastal plain,~200 km southeast of the TMVB, and consist mainly of scoria cones and maars and four major volcanic edifices (Sieron et al., 2014) . Lavas of the LTVF have alkaline compositions, which is part of the debate, whether volcanism is related to subduction of the Cocos plate or to extensional tectonics (e.g., Nelson & Gonzales-Caver, 1992; Verma, 2006) . Kutterolf, Liebetrau, et al., 2008; Kutterolf et al., 2016) along the northern part of the Central American Volcanic Arc; tephra acronyms of respective eruptions are given in the table to the right. Each color represents one formation. Yellow bars mark silicic tephras, and green bars mafic widespread tephras. Major unconformities in the successions are shown by black zigzag bands. Individual numbers next to tephra layers give known eruption ages . Tephras without numbers are estimated on the basis of field observations (e.g., thickness of soils and sediments). See Table 1 for comparison. Note. Compare with Figure 3 . D = radiometrically dated on land tephras; S = dated with sedimentation rates.
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Previous Marine Studies
Several studies investigated the tephra inventory of DSDP/ODP/IODP (International Ocean Discovery Program) drill cores and sediment gravity cores along the MAT and in the Caribbean Sea (e.g., Bowles et al., 1973; Clift et al., 2005; Jordan et al., 2006; Kutterolf et al., 2007; Ledbetter, 1985; Schindlbeck, Kutterolf, Freundt, Andrews, et al., 2016; . Ash beds from the Pacific form a tephrostratigraphic framework of large CAVA and Galápagos eruptions back to the Miocene (Kutterolf et al., 2007; Schindlbeck et al., 2015; , whereas the ODP sites of the Caribbean Sea contain Neogene ash beds originated from source volcanoes at the Lesser Antilles and in Honduras and Nicaragua (Jordan, Sigurdsson, Carey, Lundin, et al., 2007; Sigurdsson et al., 2000) . So far, however, the major and trace element geochemistry of the tephra inventory of the DSDP/ODP sites offshore North Central America and Mexico has not been studied in detail with respect to provenance and correlation to terrestrial deposits.
Methods

Sampling
The cores were sampled at the IODP Gulf Coast Repository at the Texas A&M University, College Station, TX, in 2013. We sampled four DSDP/ODP legs (Legs 66, 67, 84, and 138) with their corresponding three deep-sea drilling sites on the incoming Cocos Plate (Sites 487, 495, and 845), one in the MAT (Site 499), and 10 sites (Sites 488, 492, 493, 494, 497, 498, 567, 568, 569, and 570) on the continental slope offshore the northern CAVA and southern Mexico for the systematic investigation of ash beds intercalated in the deep marine sediments (Figure 1 ).
Methods and Analytical Techniques
Marine ash samples were disaggregated in an ultrasonic bath, if necessary, and subsequently wet-sieved into different grain size fractions (63-125, 125-250, >250 μm and if necessary 32-63 μm). The 63-125-μm fraction was further used for compositional analysis of glass shards with the electron microprobe (EMP) and Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS). All major and trace element data are given in supporting information Tables S1-S6; for standard analyses, see supplement of Schindlbeck, Kutterolf, Freundt, Alvarado et al. (2016) and Kutterolf et al. (2014) . Sampling and analytical methods Boudal & Robin, 1989; Siebe et al., 1995 Siebe et al., , 1996 Large Plinian eruptions every 3-1 kyr During the last 20 ka Geochemistry, Geophysics, Geosystems concord with the methods applied in , Kutterolf et al. (2014 Kutterolf et al. ( , 2016 Kutterolf et al. ( , 2018 , Schindlbeck et al. (2015) , , and Schindlbeck et al. (2018) . 3.2.1. EMP Glass shard analyses (~3,500 in total) for major and minor elements were conducted on epoxy embedded samples using a JEOL JXA 8200 wavelength dispersive EMP at GEOMAR, Kiel adopting the methods from Kutterolf et al. (2011) . Accuracy was monitored by standard measurements on Lipari obsidian (rhyolite; Hunt & Hill, 2001) and Smithsonian basaltic standard 'VGA'. Sixty individual glass shard measurements are bracketed by two standard measurements per standard. Standard deviations of measured elements are <0.5% for major and <10% for minor elements (with the exception of P 2 O 5 and MnO 2 in samples >65 wt% SiO 2 ). All analyses are normalized to 100% to eliminate the effects of variable postdepositional hydration and minor deviations in focusing the electron beam; analyses with total oxides less than 90 wt% were excluded from the data set to avoid the effects of alteration. Finally,~3,000 microprobe analyses passed the quality check which also excluded accidental shots on microcrystals. The remaining analyses for each sample were averaged (unless there was clear evidence for systematic compositional zonation) in order to characterize the elemental compositions of each individual tephra.
LA-ICP-MS
Trace and selected main element concentrations of~750 glass shards were measured by LA-ICP-MS mainly at two laboratories in Taipei, Taiwan (between 2013 and as well as at GEOMAR Helmholtz Center for Ocean Research Kiel (Germany) in April 2011.
The LA-ICP-MS analyses at GEOMAR were made using a double-focusing, magnetic sector mass spectrometer (Nu-Instruments, AttoM), which is coupled to a 193-nm Excimer laser ablation system (Coherent, GeoLasPro). Ablation was performed in a pure Helium atmosphere; additionally, Argon carrier gas was mixed to the sample aerosol prior to the plasma torch. Spot analyses were done by 100-s ablation at a laser repetition rate of 3 Hz using a spot diameter of 16 μm and a fluence of 8 J/cm 2 . Fifty-second gas background was collected prior to each ablation. Gas flows, torch position, and ion-optics focusing were optimized in order to provide a maximum in ion transparency, low oxide production rates (ThO/Th ≤ 0.3%), and fast sample washout. The standard NIST SRM610 glass (Wise & Watters, 2012) was used for mass calibration. Data were reduced by applying the linear regression slope method (Fietzke et al., 2008) . Silicon was used for internal standardization utilizing data from EMP analyses.
The detailed machine setups, procedures, and methods of the laboratories at the National Taiwan University are described in Schindlbeck et al. (2015) and are complemented here by the description of the analytical procedures done during the measurements at the Academia Sinica (Schindlbeck, Kutterolf, Freundt, Andrews, et al., 2016) . The setup at the Academia Sinica in Taipei, Taiwan, comprises a laser beam (193-nm excimer laser) set to a spot size of 16 to 30 μm using 5-10-J/cm 2 energy density at 4-10-Hz repetition rate which was coupled to high-resolution ICPMS instruments. Following 45 s of blank acquisition, typical ablation times were around 75 s. Data reduction was performed using version 4.0 of real-time on-line GLITTER© software (van Achterberg et al., 2001) immediately following each ablation analysis. Average silica and calcium concentrations, measured by EMP, were used as internal standards to normalize the trace element analyses. International standard glass (BCR-2G) was measured every five to eight samples to monitor accuracy and to correct for matrix effects and signal drift in the ICP-MS as well as for differences in the ablation efficiency between the sample and the reference material (Günther et al., 1999) . Concentrations of NIST SRM 612, used for external calibration, were taken from Norman et al. (1996) . The limit of detection for most trace elements is generally no greater than 100 ppb. For REEs (Rare Earth Elements), the limit of detection is generally around 10 ppb. The analytical precision is better than 10% for most trace elements. Repeated measurements of the same samples in different laboratories revealed good replication of the trace elements .
Correlation Techniques
Geochemical fingerprinting of glass shards has been proved to be a reliable tool for tephra correlations (e.g., Kutterolf et al., 2016; Ponomareva et al., 2013 Ponomareva et al., , 2015 Lowe, 2011; . Correlations of ash beds to terrestrial deposits as well as between different marine sites are based on major and trace element concentrations and ratios ( Geochemistry, Geophysics, Geosystems Schindlbeck et al., 2018; Wulf et al., 2004) as well as the relative stratigraphic positions and age constraints. For each marine ash bed, we carried out 15-20 EMP analyses, and the majority of marine ash beds were analyzed additionally for their trace element composition by LA-ICP-MS. For reference fields of onshore deposits, we used published major and trace element data Kutterolf et al., 2016; Stoppa, 2015; Stoppa et al., 2018) . In many cases, major element characteristics could not discriminate well between eruptions from single volcanoes, but then the trace element compositions of volcanic glass shards provided a unique "fingerprint" for each single eruption. Next to the comparison with terrestrial deposits, we also compared the investigated ash beds with data from previously studied marine drill cores and gravity cores collected at the southern part of the CAVA.
Tephra Ages
Age data for the marine tephra layers initially came from the shipboard age-depth models derived from magnetostratigraphy and biostratigraphy from each site Mayer et al., 1992; von Huene et al., 1985; Watkins et al., 1981) . Marine tephra correlations to dated terrestrial tephra deposits (e.g., Koch & McLean, 1975; Rose et al., 1999; Stoppa et al., 2018) provide additional independent time markers and modified the existing age models ( Figure S1 ). The ages of yet undated ash layers can be estimated from their relative position between known time markers (biostratigraphic time markers, paleomagnetic time markers, and correlations to independently dated terrestrial tephra deposits) by applying linear interpolation, which assumes constant sedimentation rates across such an interval. The relative position is determined from the thickness of (hemi)pelagic sediments alone, ignoring the thickness of other intercalated ash beds ( Figure S1 ). We have used this method for all the marine tephra ages reported below (Tables 3, 4 , and S1) that were not obtained by direct correlation with dated onland deposits.
Due to compaction and drilling disturbances, the tephra ages have higher uncertainties in deeper sections of each core (e.g., up to 14% of their age; c.f. Kutterolf et al., 2013) . The ages of such horizons are therefore stated as approximate values in the discussion below.
Although we can justify the assumption of constant sedimentation rates across the relatively narrow interval between two known time markers at one site, the overall sedimentation rates vary quiet significantly along the arc and with time. We observe sedimentation rates of 5-273 m/Ma on the incoming plate and 30-1,540 m/Ma on the continental slope offshore Guatemala, up to 10,800 m/Ma near the trench axis at the mouth of the large San José submarine canyon, and 3-284 m/Ma offshore Mexico ( Figure S1 ).
Results
Marine Tephra Inventory
In total, we sampled 295 ash beds and ash-rich horizons and identified 223 primary ash beds characterized by homogeneous to zoned glass compositions, in contrast to ash beds with mixed, genetically unrelated glass compositions, which we interpret as reworked deposits. In addition, we use the morphology and structure of the deposits to determine if they were reworked. The marine cores, especially from Legs 66 and 67 but also from Legs 84 and 138, are in parts heavily disturbed by rotary drilling (rotary core barrel) ( Figure 4) ; advanced piston coring (APC) was not yet available at that time. We have sampled and analyzed tephra layers disturbed by drilling at multiple places in order to identify tephra that originally formed a single coherent layer. In these cases the stratigraphic position is determined by the uppermost occurrence of the tephra.
Although many ash beds are highly disturbed, also layers occur that are several centimeters to decimeter thick, which show normal grading and sharp contacts at the base and a diffuse transition into the background sediment at the top ( Figure 4 ). Analyses of the glass shards dispersed in sediment above an ash layers typically reveals that they were reworked from that layer.
The DSDP Legs 66 and 67 took place in 1979 before advanced piston coring was available. Heavily disturbed cores and/or poor recovery thus disrupt the continuous stratigraphic record (Figure 4 ). Consequently, it is not surprising that tephra layers often cannot be correlated between several sites or holes although they might
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Eleven tephra layers were sampled from Site 845 of Leg 138, which is located~600 km offshore of Guatemala. We identified five primary ash beds with ages obtained by shipboard age models scattering between Late Pleistocene, Early Pleistocene, and Late Miocene. All five are highly evolved rhyolites (>75 wt% SiO 2 ; Figure 5 ). Tephra layers are partly disturbed and embedded within diatom and radiolarian clay (0-136 mbsf) and nannofossil ooze (Mayer et al., 1992) . Tephra thicknesses are hard to define, because the sediment is disturbed and bioturbated.
Two sites (Sites 495 and 499) were sampled from Leg 67 on the incoming plate offshore Guatemala and El Salvador. At Site 495, we took 22 samples and identified 19 primary, rhyolitic tephra layers ( Figure 5 ) that occur between~12-1-Ma old sediments (Watkins et al., 1981) . Site 499 is located directly within the MAT, and we identified 13 primary tephra layers in Holocene to Middle Pleistocene sediments (Watkins et al., 1981) . The majority of tephra layers are again highly evolved rhyolites, but we also identified one basaltic-andesitic tephra layer (~56 wt% SiO 2 ; Figure 5 ).
We took 224 samples from the eight slope sites from Legs 67 and 84 Mayer et al., 1982) and identified in total 164 primary ash beds embedded in Pleistocene to Early Miocene sediments. Tephra compositions are mainly rhyolitic and occasional basalticandesitic to dacitic ( Figure 5 ). Thicknesses of tephra layers vary, and contacts are often disturbed or bioturbated, which nearly precludes exact thickness determination. The vast majority of the sampled tephra horizons are highly evolved, with SiO 2 concentrations ranging from~70 to 78 wt% and total alkalis ranging from~6 to 9.5 wt% ( Figure 5 ). Only a small number of ash beds are less evolved, with SiO 2 concentrations below 60 wt% and total alkalis from 4 to 6 wt% ( Figure 5 ). The shard morphology for these two geochemical groups is also generally consistent, while the glass shards of the highly evolved tephra layers are transparent to light brown, with rounded and elongated bubbles, and a fibrous texture (Figure 4 ). In comparison, glass shards from the less evolved group are light brownish, blocky, and less vesicular (Figure 4 ).
Correlation of Marine Tephras
In the following, we will present correlations of tephra layers to specific eruptions on land, between the sites along the arc and to the source volcanic complexes. We correlated 24 tephra layers to well-known eruptions from the CAVA of the last 1.8 Ma (Figures 6 and 7 ) that are consecutively numbered from C1 to C24 (Table 3) . Additional 25 tephra layers were found in multiple marine drill or gravity cores along the arc and numbered from S1 to S25 (Figures 8 and 9 ; Table 4 ). All other ash beds solely appear once and are consecutively numbered for each site (#xx) and are associated to the source volcanic complexes (Figures 8 and 10 ). Provenance analyses that are shown below identified 21 volcanic events from Mexico, 36 from Guatemala, and 72 from El Salvador, as well as 14 from Nicaragua. For a subset of 14 tephra layers, the identification of the exact source region was not possible, because we had no trace element information and major elements alone are not sufficiently distinctive. All established correlations are given in Tables 3 and 4 and in supporting information S1. For better visualization, the Geochemistry, Geophysics, Geosystems Geochemistry, Geophysics, Geosystems 
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Geochemistry, Geophysics, Geosystems correlations between the sites of the last 450 ka are shown in Figure 11 . Geochemical correlations to volcanic eruptions and volcanic complexes along the arcs are possible because of characteristic compositional variations from Nicaragua in the South to Mexico in the North (see section 2). We use a large geochemical database derived from literature and own data to establish multiple provenance and correlation diagrams to correlate the marine tephra layers to known eruptions or allocate their provenance areas along the arcs (shown in Figures 6-10) . In the following, we describe these correlations and/or source classifications with respect to their volcanic source areas from North to South.
Correlations to Mexico
Nineteen single ash beds from Sites 487 (# 3, 6, and 9), 492 (#2, 4, 5, 7, and 8), 493 (#1, 10, 11, and 12), 495 (#14, 22, 29, and 33), 497 (#6 and 13), and 498 (#5) probably originate from the Mexican volcanic arc and cover the age range from Pleistocene to Middle Miocene with a maximum age of 15 Ma (Figure 12 ). Tephra layers from the TMVB are characterized by, for example, high La/Yb (>10) and in general low Ba/Zr (<10; Figures 9 and 10). The along arc provenances of these tephra layers indicate volcanic sources similar to Popocatépetl and the Las Cumbres Volcanic complexes in the western part of the TMVB (Figure 10 ). Additionally, two ash beds from sites offshore Mexico, associated to volcanic sources in Mexico, can be correlated to sites offshore Guatemala (S16 and S18; Figures 8 and 9; Table 4 ). Tephra layer S16 (Sites 493, 492, and 568) is~4.8 Ma and S18 (Sites 492 and 569)~8.2 Ma old. 
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Geochemistry, Geophysics, Geosystems 4.2.2. Correlations to Guatemala 4.2.2.1. Atitlán-St. Maria Formation Deposits from the Atitlán-St. Maria Formation are characterized by, for example, high Ba/Zr (up to 25), very high Rb/Hf (up to 70), and La/Yb ratios (~8-17) but low Zr/Nb ratios (<25) (Figures 8 and 9 ). The tephra layer C8 recovered at site 569 may be correlated to the I-Fall Tephra (IFT; Figure 6 ). Koch and McLean (1975) estimated the I-Fall as >40 ka old; we determine an age of~54 ka for tephra layer C8. Tephra layer C10 is the 84-ka-old Los Chocoyos Tephra (LCY), and we found the marine deposits of this large eruption in the sediment record of Sites 487, 494, 496, 497, 499, 568, 570, and 845 (Figure 11) . Correlation is based on the typical major element glass geochemistry, for example, high SiO 2 (77.7-78.4 wt%), low CaO (~0.65 wt%), and FeO concentrations (~0.65 wt%) as well as distinctively high Ba/La ratios (>60) at low Zr/Nb ratios (<15; Figures 6 and 7; Table 3 ). The LCY eruption generated a very widespread tephra layer that is not only found offshore Guatemala but also offshore Mexico (site 487) as well as 600 km away from the Pacific coast at site 845. This agrees with the observation of studies in the Gulf of Mexico and elsewhere that found the marine equivalent of this eruption at large distances between Florida and Ecuador (e.g., Drexler et al., 1980; Kutterolf et al., 2016; Ledbetter, 1985) .
Tephra layer C13 correlates with the 158-ka W-Fall Tephra (WFT; Sites 496, 497, 567, and 568; Figure 11 ), characterized by high K 2 O (typically around~5 wt%) and silica contents (77-78 wt%) as well as the highest La/Yb ratio (14-20) in Northern CAVA tephras (Figures 6 and 7 ; Table 3 ). Tephra layer C15 (Sites 487 and 488; Figure 11 ) is the Atitlán Older Tephra, which is probably~306 ka old (Figures 6 and 7 ; Table 3 ) and shows the same compositional signature as Los Chocoyos but can be distinguished by its stratigraphic position. This tephra has been found in the lake sediments of Lake Petén Itza in Northeast Guatemala as well as in some Pacific gravity cores offshore El Salvador Kutterolf et al., 2016) . , , , Kutterolf, Liebetrau, et al. (2008) , and Kutterolf et al. (2016) . For clarity, data are averages of all analyses made for each tephra. Color code for marine sites is the same as in Figure 5 . Abbreviations of tephra deposits are the same as in Figure 3 . Averages per sample; standard deviation within symbol size.
The two tephra layers S6 (0.51 Ma; site 494) and S7 (~0.57-0.54 Ma; Site 494) are correlated with marine ash beds from gravity cores taken during Meteor cruise M66 (core M66-230 offshore El Salvador) and contain the high Ba/Zr (~13) and Rb/Hf (55) ratios that are characteristic for eruption products from Atitlán Caldera (Figures 8 and 9 ; Table 4 ). Tephra layer S19, with similar trace element compositions, is correlated between Sites 567 and 568 and associated with an eruption from Atitlán at~13.9 Ma. Tephra layer S21 (~14.4 Ma; Sites 568 and 569) has a bimodal composition at Site 569 indicating a mix of Guatemalan and El Salvadorian ash (Figures 8 and 9 ; Tables 4 and S1).
Two single ash beds at Sites 497 (#2) and 569 (#3) can be compositionally associated with eruptions from Atilán Caldera at 414 and 421 ka. Three single ash beds at Site 570 (#19; 2.76 Ma) and site 845 (#1;~2.45 Ma) are also associated with Atitlán Caldera. Four single ash beds in the Miocene sediments of Sites 495 (#42; 11.9 Ma), 568 (#40; 15.4 Ma; #43; 15.5 Ma), and 569 (#49; 22.4 Ma) are geochemically similar to the WFT and therefore probably associated with an old eruption from Atitlán (Figures 8 and  10 ; Table S1 ). and Kutterolf et al. (2016) . Abbreviations of tephra deposits are the same as in Figure 3 . Standard variations per analyzed tephra are shown with gray bars. Color code for marine sites is the same as in Figure 5 .
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Geochemistry, Geophysics, Geosystems Figure 9 . Comparison of average glass compositions of marine ash layers that can be correlated between several sites (S1-S25) with Ba/Zr, U/Th, Rb/Hf, and La/Yb variations along the CAVA and Mexican arcs as discussed in the text. Modified after Kutterolf et al. (2016) . Along-arc variations of CAVA are based on corresponding felsic and mafic ratios as well as glass and bulk rock compositions Kutterolf et al., 2016) . Mexican compositional fields are only based on bulk rock data, given in Luhr et al. (2006) , but are assumed to provide the same provenance information. Positive distances along the arc represent CAVA provenances; negative distances along the arc indicate Mexican origin. Color code for marine sites is the same as in Figure 5 . TMVB = Trans Mexican Volcanic Belt; CAVA = Central American Volcanic Arc.
Geochemistry, Geophysics, Geosystems Figure 10 . Comparison of average glass compositions of single marine ash beds (#x) with Ba/Zr, U/Th, Rb/Hf, and La/Yb variations along the CAVA and Mexican arcs as discussed in the text. Modified after Kutterolf et al. (2016) . For further information see Figure 9 . Color code for marine sites is the same as in Figure 5 . TMVB = Trans Mexican Volcanic Belt; CAVA = Central American Volcanic Arc.
Amatitlán-Antigua Formation
The Amatilán-Antigua Formation is characterized by, for example, Zr/Nb ratios >15, Ba/La ratios between 40 and 70, and high Rb/Hf ratios <40 (Figures 8 and 9 ). Tephra layer C5 is the 50-ka E-Fall Tephra that was recovered at Sites 496, 498, and 568 ( Figure 11 ). This correlations is based on the typical glass composition with high SiO 2 concentrations (~76-77 wt%) and CaO contents of~0.9 wt% but especially on the specific trace element compositions (e.g., Ba/La~45-55; Zr/Nb~15-20; Figures 6 and 7; Tables 3 and S1). The marine deposits of the 191-ka L-Fall Tephra were found offshore Guatemala but also offshore Mexico at Sites 487, 570, and 845 (C14; Figures 6 and 7) . Both E-Fall and L-Fall Tephras have high potassium contents (>4.4 K 2 O wt%), contain biotite, and are also deposited in the Gulf of Mexico Rabek et al., 1985) , which illustrates their wide distribution and large eruption magnitude. Although E-Fall and L-Fall Tephras have very similar glass compositions, it is possible to distinguish them by their relative stratigraphic position relative to LCY (84 ka).
Two tephra layers (S22 and S25) can be correlated between sites 569 and 494 offshore Guatemala (Figures 8  and 9 ; Tables 4 and S1), are Miocene in age (~15.8 and~21.5 Ma), and are geochemically similar to Amatitlán (high SiO 2~7 7.5-78 wt%; high K 2 O~4.5-5 wt%; Rb/Hf~27-49).
Ten single ash beds from Sites 568 (#44;~15.6 Ma), 569 (#8, 13, 47, and 48; ~1.19, 1.33, 21.5, 570 (#21, 22, 29, and 30; 3.49, 4.19, and 6.63 Ma) , and 494 (#47; 22.1 Ma) are also compositionally correlated to the Amatitlán-Antigua Formation (Figures 8 and 10 ).
Ayarza Formation
Deposits of the Ayarza Formation have typically, for example, low Ba/Nb (<100) and Zr/Nb ratios (<10) and moderate high Rb/Hf ratios (>30). Tephra layer C4 (Sites 496, 499, and 570; Figure 11 ) correlates with the chemical fingerprint of the 39-ka Mixta Fall from the Ayarza Caldera. The correlation is based on the distinctive major element composition with very low CaO (~0.4 wt%) and MgO (<0.1 wt%) contents at high K 2 O (~4 wt%) and SiO 2 (~77 wt%) contents. Characteristic are the low Zr/Nb (<7) and Ba/Rb ratios (<7) at Ba/La ratios between~40 and 60 (Figures 6 and 7 ; Tables 3 and S1 ).
Furthermore, we geochemically correlated an ash bed from Site 569 with an ash layer from the southern CAVA (tephra layer "s21" from Schindlbeck, , which is probably from an~1-Ma eruption from Ayarza or Atitlán (tephra layer S9; Figures 6 and 7) . Another correlation between sites 493 and 568 is tephra layer S20 (14.5-14.3 Ma) that is geochemically similar to Ayarza but also has similarities with deposits known from Ataco Caldera (Figures 8 and 9 ; Tables 4 and S1). Compositionally correlated tephra layers of the last 450 ka. Tephra layers C1 through C18 provide chronostratigraphic links between the drill sites offshore northern Central American Volcanic Arc and Mexico. Sites are arranged from South (right) to North (left) offshore Mexico and from West to North offshore Guatemala and El Salvador. Site 845 is more distal (~600 km) offshore Guatemala. Layers C1 to C18 (red) correlate with specific tephras on land as shown in Figures 6 and 7 and Table 3 . Layers S1-S5 (green) are correlated between the sites and to source regions on land (see Table 4 ). Unlabeled ash beds could not be correlated between sites or to known eruptions on land (black). MAT = Middle American Trench.
Correlations to El Salvador 4.2.3.1. Coatepeque-Ataco Formation
The Coatepeque-Ataco Formation covers a large geochemical range, but many eruptions have low Ba/La ratios (<60) and low Rb/Hf ratios (<40) but high Ce/Pb ratios (>2.5) and high potassium contents (K 2 O > 3.5 wt%). Marine layer C6 (Sites 497, 499, and 568; Figure 11 ) is compositionally equivalent to the 53-ka Congo Tephra from the Coatepeque Caldera, El Salvador. Deposits of the Congo Tephra are characterized by SiO 2 of~74 wt% but high K 2 O (>4.2 wt%) and CaO (>1.1 wt%) contents (Figure 6 ). Major element compositions overlap with compositions of the Conacaste Tephra, but trace elements (e.g., especially lower Zr/Nb <30) help to distinguish between these also temporally closely related eruptions. Additionally, we correlated marine tephra layer C9 with the 72-ka Arce Tephras (L/UACT) and C12 (Site 568) with the Old Arce Tephra (Figures 6 and 7) . The correlation is supported by the high K 2 O contents (4.8-5.5 wt%) as well as the exceptional low Ba/La (<20) and Ba/Zr (<7) ratios. Furthermore, tephra layer C16 at Site 497 has the same major element composition as the~400-ka Ataco Tephra 3 (Figure 6 ; Tables 3 and S1) with relatively low SiO 2 contents (~71 wt%) and~3 wt% K 2 O.
The older marine tephra layers S17 (Sites 495 and 569;~6.3 Ma), S20 (Sites 493 and 568; 14.5-14.3 Ma), and S23 (16.6-15.9 Ma) can be correlated between Sites 494, 496, and 569 (Figures 8 and 9 ; Tables 4 and S1) and also show the compositional characteristics of volcanic products from the Coatepeque/Ataco complex. 
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Geochemistry, Geophysics, Geosystems Furthermore, 17 single ash beds show the characteristic geochemical fingerprint known from the Ataco and Coatepeque Calderas (Table S1 ). Two ash beds from site 569 (#7 and #31;~1 and 8.1 Ma) and one from site 497 (#32; 2.8 Ma) have the geochemical signature of the Ataco Caldera (Figures 8 and 10) . Additionally, another four older single ash beds between 15.6 and 14.2 Ma are geochemically similar to the Ataco Caldera (#36, 37, 38, and 44 from Site 568). Ten single ash beds in the sediments offshore Guatemala can be correlated to the Coatepeque-Ataco Formation (Figures 8 and 10) 
. Ilopango and Apopa-Cojutepeque Formation
The Ilopango Formation is known for high Ba/La (>60), Ba/Zr (up to 20), and Zr/Nb ratios (>25) at moderate to high potassium and calcium contents (3 to 5 wt% K 2 O, >~1 wt% CaO) for silica contents >76 wt% SiO 2 (Figures 6, 8, and 9) . We correlate the Terra Blanca Joven (TBJ) eruption (1.5 ka) to a tephra in the uppermost centimeters of Site 499 (C1), as well as the 36-ka Terra Blanca 4 (TB4) eruption to tephra layer C3 at Sites 496, 499, 568, and 570 (Figures 6, 7 and 11; Table 3 ). The correlations are based on the characteristic glass shard major and trace element compositions as well as the relative stratigraphic position in the cores. The deposits of TBJ and TB4 have relatively low K 2 O (<3 wt%) at high SiO 2 (>76 wt%; Figure 6 ). Even more distinctive is the trace element composition with typically high Ba/Th ratios (>300) and high Ba/La ratios (>85; Figure 7 ; Tables 3 and S1). Marine tephra layer C11 that was recovered at site 494 corresponds to the 80-ka Old Ilopango Tephra, which is supported by the stratigraphic position and the same major element signature as TBJ and TB4 eruption products ( Figure 6 ; Table 3 ). Not so much is known about the older Pleistocene eruptions from Ilopango Caldera (Kwasnitschka, 2009 ), but we found the Feliz Tephra (C19; 0.66 Ma at Site 569), the Salvamex Tephra (C21; 1.03 Ma at Site 495), and the La Curva Tephra (C22; 1.15 Ma at Site 569) as marine equivalents in the sediments offshore Guatemala (Tables 4 and Table S7 ). These are the first age constraints for the older Ilopango succession exposed along the Pan American Highway North of the caldera (Kwasnitschka, 2009) , which fills the gap between the Terra Blanca succession and~2 Ma old ignimbrites South of the caldera.
Moreover, site-to-site correlated tephra layers S8 (Sites 568 and 570; 0.6 Ma), S10 (Sites 497 and 568;~1.3 Ma), S11 (Sites 495, 496, 497, and 568;~1.6 Ma), S12 (Sites 568 and 570; 2.2 Ma), S13 (Sites 495 and 570; 2.32-2 Ma), S15 (Sites 494 and 496; 3-2.9 Ma), and S24 (Sites 494 and 569; 17.4-17 Ma) are probably from eruptions from the Ilopango area, assuming that magmatic compositions remained similar throughout that time span. However, tephra layer S12 shows also some geochemical similarities with Atitlán (Figures 8 and 9 ; e.g., high Ba/Zr; Tables 4 and S1).
Additionally, there are at least 28 single ash beds (Figures 8 and 10 ) that can be compositionally attributed to older formations at Ilopango reaching back until~16. [#3, 4, 28, 31, 35, 36, 37, 38, 45, and 46] [#23, 24, 25, 26, 27, and 42]; 569 [#2, 3, 4, 10, 11, 14, and 32]; and 570 [#5 and 18] Figures 8 and 9 ). The Upper and Lower Apastepeque Pumice are the oldest known eruptions from the St. Vicente-Apastepeque Formation on land, but no age constraints have been found so far (Figure 3) . We probably found the marine deposits of both eruptions in the sediments of site 499 applying compositional fingerprinting (tephra layers C20 and C23; Figure 6 ). The Apastepeque Pumice on land has silica contents of~76 wt% with lower K 2 O contents (2.8-3.1 wt%) but higher FeO (1.5-1.6 wt%) and CaO (1.4-1.6 wt%) contents (Figure 6 ). The calculated ages for these eruptions are~0.88 and~1 Ma. Additionally, one single ash bed at Site 495 (#15; 1.81 Ma) can probably be associated with an even older eruption from this volcanic complex.
Berlin-Chinameca Formation
The Berlin-Chinameca Formation is the southernmost tephra formation in El Salvador and geochemically characterized by, for example, low Pb/Nd (<0.5) and low Rb/Hf (<12) but high U/Th (0.4-0.8) and Zr/Nb (>30) ratios (Figures 8 and 9 ). Tephra layer C7 correlates to the Berlin-Chinameca complex and specifically to the 56-ka Old Pacayal Tephra, which and Kutterolf et al. (2016) also found as a marine tephra in gravity cores of RV Meteor cruise M66 and as an ash layer in sediments of Lake Petén Itza. Next to its compositional similarity (~57 wt% SiO 2 ; very high Ba/Th~460 and Ba/Rb >30), C7 also fits into the relative stratigraphic order known from previously studied onshore, lacustrine, and marine sediments in this region (Figures 7 and 11 ; Table S1 ).
There are additionally four single ash beds identified at Site 494 and one at site 495 that are geochemically similar to the Berlin-Chinameca Formation but also show some similarities with the St. Vicente-Apastepeque Formation (Figures 8 and 10 ). These tephras were deposited between 1.5 and 2.2 Ma (#8, 16, 17, and 25; Site 494 and #20; Site 495).
Correlations to Nicaragua
Typical for the Nicaraguan part of the CAVA is geochemical compositions with very high Ba/La (up to 140) and Ba/Th (>400) ratios but very low Rb/Hf ratios (<10) (Figures 8 and 9 ). Tephra layer C2 is correlated with the 24.5-ka Lower Apoyo Tephra, product of a Plinian eruption from Apoyo caldera in Nicaragua, which has very specific potassium, iron, magnesium, and calcium contents at high silica values compared to other CAVA tephras in this age range. used these compositional characteristics to show that ash from the Lower Apoyo Tephra eruption has been dispersed westward across the Pacific, which fits our detection of layer C2 at Site 569.
The Malpaisillo Caldera in Nicaragua has produced several large eruptions. In the cores offshore Guatemala, we correlate the 420-ka Tolapa Tephra (C17; Sites 494 and 570) and the 450-ka La Sabanetta Tephra (C18; Site 497) to ash layers in the sediments offshore Guatemala. The correlations are based on major and trace element glass compositions (Figures 6a, 6b, 6d, 7b, and 7f) , whereby the very high Ba/Th (>400) and Ba/La (>110) ratios of the Malpaisillo rocks are particularly helpful. Additionally, tephra layer C24 can be assigned to the Lower Boulevard Bio Pumice (Site 494; 1.8 Ma) originated from an unknown source in Central Nicaragua, with typically high CaO (~2-3 wt%) at low K 2 O (<2.7 wt%) contents (Figures 6a-6c , 7b, 7f and 11; Tables 3 and S1 ).
Furthermore, we correlated several, mostly mafic, tephras from Nicaragua between marine sites that suggest an origin from the Masaya/Las Sierras volcanic complex in central Western Nicaragua (Table S1 ). Tephra layer S1 (0.1 Ma) is a correlation between Site 496 and a marine gravity core M66-223_69-76 cm . Tephra layer S2 (0.16 Ma) can be correlated with tephra layer "s3" from , which is a widespread tephra that can be found in multiple ODP and IODP sites in the Pacific (Sites 1039, 1254, 1255, U1381, and U1414). Tephra layers S3, S4 (0.18 and 0.21 Ma; Site 496), and S5 (~0.4 Ma; Sites 496, 497, and 569) can be correlated to marine tephra layers from Sites 1242 and U1381 offshore Costa Rica (tephra layer "s10" from . The 2.26-Ma felsic tephra layer S14 can be found in the sediments of Sites 495 and 1039 offshore Costa Rica (Figures 8 and 9 ; Table 4); this tephra layer might originate from the Tertiary Coyol arc (Ehrenborg, 1996) in the highlands of Nicaragua, 100 km east of the modern Nicaraguan arc .
Additionally, five single felsic ash beds from Sites 497 (#12 and 39; 1.6 and 5.7 Ma, respectively), 569 (#15 and 16; 1.39 and 1.52 Ma, respectively), and 570 (#20; 3.39 Ma) probably originated from Nicaraguan eruptions as well, as respective provenance diagrams indicate (Figures 8 and 10 ).
Implications for North Central American Volcanism
To understand the temporal evolution of the explosive volcanism in Central America as well as the evolution and distribution of specific eruptions, it is necessary to study a long and most complete record. The major problem on land is the lack of outcrops of old deposits due to extensive erosion and successive coverage by younger deposits. Even more complicated are relative age estimates in case of missing stratigraphic relationships. The marine tephra record provides the opportunity (1) to extend and complete the record of explosive eruptions for the individual volcanic centers and regions along the arcs and (2) to build a temporal framework using the age estimations derived from marine sedimentation rates.
Age Implications for Terrestrial Eruptions
We obtained eight new ages for already known but so far undated eruptions from Nicaragua, El Salvador, and Guatemala. Our dating of the IFT to~54 ka by correlation to marine tephra layer C8 at Site 569 (Figures 6, 7 , and S1) also defines the time when the period of huge explosive eruptions from Atitlán caldera ended. This caldera thus produced its nine large-volume widespread tephras from 158 to 54 ka.
The recent eruptive history at Ilopango Caldera is recorded in the well-known Terra Blanca Tephras (<36 ka; . The underlying thick and complex tephra succession has been stratigraphically logged by Kwasnitschka (2009) , but the only age constraint is the ignimbrite (1.77 ± 0.22-1.81 ± 0.22 Ma; Lexa et al., 2011) below an unconformity at the base of the sequence. We found three tephras of that succession in the marine cores at 0.66, 1.03, and 1.15 Ma (layers C19, C21, and C22, respectively). The respective tephra beds (Feliz Tephra, Salvamex Tephra, and La Curva Tephra) belong to the Cojutepeque unit of Kwasnitschka (2009) , which is overlain by the Soyapango (seven tephras) and Apopa (five tephras) units (Figure 3) . The new ages imply that the Soyapango and Apopa tephras were emplaced between <660 and >36 ka and that tephras below the Cojutepeque unit (>1.15 Ma) are associated with the older ignimbrite succession.
The previously undated Upper and Lower Apastepeque Pumice tephras (>2 m thick each) from Apastapeque Caldera were erupted at of~0.88 and~1 Ma as inferred from correlation to marine tephra layers C20 and C23. They are thus much older than we had previously assumed (cf. Figure 3) and imply a considerable time gap between Apastepeque caldera and St. Vicente volcanic activity.
For Nicaragua, the~450-ka age of La Sabanetta Tephra, correlated to layer C18 (Site 497), fits the results from the recent study of the Malpaisillo Formation by Stoppa et al. (2018) , who radiometrically dated the directly overlying Tolapa tephra (420 ± 40 ka) and the 570 ± 70-ka-old La Paz Centro Tephra at the base of the Malpaisillo Formation (Stoppa et al., 2018) .
Finally, the Boulevard Bio Pumice obtains the~1.8-Ma age of marine tephra layer C24 (Site 494). This age suggests its origin from the late stages of the Tertiary Coyol arc in Central Nicaragua.
Temporal Evolution of Explosive Volcanism Along the Arcs
The investigated marine tephra record offers the opportunity to study the history of the explosive eruptions from the different regions and volcanic complexes along the arc back in time. In Figure 12 , the temporal distribution of eruptions is shown along the arc; each tephra is associated with the respective volcanic complex/region that we have assigned by geochemical correlations. Newhall (1987) postulated three caldera stages (11 Ma, 8 Ma, and 84 ka) for the Atitlán volcanic complex. The marine tephra layers between~14-12 and >21 Ma are probably associated with eruptions from the first Atitlán stage or an even older, previously not recognized stage. However, we do not see any evidence for explosive eruptions from the second stage (8 Ma) in the marine cores. Stage three comprises nine major eruptions from 158 to 54 ka (WFT to IFT) of which the extremely voluminous Los Chocoyos eruption (84 ka) was a main caldera forming event. However, new observations on dispersal characteristics yield large volumes also for other events; for example, the~0.16-Ma WFT tephra has an updated erupted volume of~90-km 3 DRE (dense rock equivalent) Kutterolf et al., 2016) . Hence, the third Atitlán Caldera may not have formed by the LCY eruption alone (Newhall, 1987; Rose et al., 1987) but may represent a nested caldera with subsidence phases at least after each of the large WFT and LCY eruptions. Moreover, marine ash layers at around 300 ka (C15 = Atitlán Older Tephra) and around 500-600 ka (S6 and S7) document large explosive eruptions at Atitlán preceding the main stage three.
The eruption record from the Amatitlán volcanic complex reaches continuously back until~7 Ma (Figure 12 ), which is much longer than previously known from land. Koch and McLean (1975) described the R-tephra as representing at least five old (>0.5 Ma) eruptions from Amatitlán Caldera. However, we have found evidence for activity in the Amatitlán area during the Middle (~16-14 Ma) and Early Miocene (~23-21 Ma), at similar times as for Atitlán Caldera as well as for the Coatepeque and Ilopango calderas in El Salvador (Figure 12 ).
The Coatepeque/Ataco volcanic complex is the only one that has a more or less continuous record of tephras in the marine cores reaching back into the Early Miocene. However, this might represent a sampling bias since the region around the Coatepeque Caldera is the closest to many drill sites (~160 km; Legs 67 and 84), which might favor the preservation of smaller explosive eruptions in the marine sediments.
There are abundant marine tephras that originate from the Ilopango region (~200 km to legs 67 and 84), especially during the last~6 Myr, but volcanism was also active during the Late (10-8 Ma) and Middle (16-14 Ma) Miocene (Figure 12 ). Explosive eruptions associated with the Berlin-Chinameca complex, however, are limited to the last~3 Myr (Figure 12 ).
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Several correlations to the mafic Las Sierras Formation in Western Nicaragua assist the longevity of the associated magmatic system over at least the last 400 kyr as it has been proposed by and .
The eruption records derived from the marine deposits indicate a long history of explosive volcanism for the major volcanic complexes reaching back into the Early Miocene (Figure 12 ). However, for Nicaragua (and partly Honduras), where slab rollback caused a trenchward shift in the position of the volcanic front, the older Tertiary tephras must derive from volcanoes at the now extinct Coyol arc (Ehrenborg, 1996) . Yet the geochemical characteristics of these tephras are very similar to those of tephras from the Quaternary volcanic front (Jordan, Sigurdsson, Carey, Lundin, et al., 2007; Nyström et al., 1988) . This suggests that, despite the rollback, subduction conditions controlling magmatic compositions did not change much over the last 25 Myr.
Global Episodes of Enhanced Volcanic Activity
At the bottom of Figure 12 , we show how the frequency of large eruptions at the major volcanic centers varies over time. The interesting observation is that many centers share time intervals of increased activity. This suggests that there may be some process controlling eruption frequency that operates at a scale at least covering the entire subduction zone length. We thus also show a total frequency distribution over time for the entire subduction zone from Nicaragua to Mexico.
This distribution indicates five pulses of enhanced explosive volcanic activity ( Figure 12 ): (1) a pulse during the Quaternary, (2) a Pliocene pulse between 6 and 3 Ma, (3) a Late Miocene pulse between 10 and 7 Ma, (4) a Middle Miocene pulse between 17 and 11 Ma, and (5) an Early Miocene pulse (ca. >21 Ma). Several authors postulated episodic volcanic activity in Central America (e.g., Kennett et al., 1977; Reynolds, 1980) . Reynolds (1980) studied effusive and explosive eruption products and proposed three Neogene episodes of volcanism for Guatemala, El Salvador, and Honduras. He defined three major formations that extruded during the Middle and Late Miocene (Chalatenango Formation), during the Late Miocene to Pliocene (Bálsamo Formation), and during the Pliocene to Pleistocene (Cuscatlán Formation). Although the study of Reynolds (1980) lacked good age control of the studied deposits, the overall observation of episodic volcanism is probably correct and the pulses agree well with our findings.
The tephra record from Mexico covers eruptions from the Middle Miocene to the Holocene with gaps between~13 and 10 Ma (only one eruption) and between 8 and 5 Ma. This might either feature a real decrease in explosive volcanism or a sampling and preservation problem. Ferrari et al. (1999) postulated that volcanism in Mexico occurs in pulses with peaks between 31-28, 23, 10.5-9 Ma, and since 5 Ma. Indeed, we also see an increase in eruption frequency between 10 and 8 Ma and since 5 Ma (Figure 12 ).
Several studies postulated that volcanic activity occurs in episodes (e.g., Kennet & Thunell, 1975) . Comparing our data with published pulses in volcanic activity at different regions around the ROF (ring of fire) and with global climate and tectonic events indicates some temporal coincidences ( Figure 13 ). Kennett et al. (1977) were the first to describe two major pulses at 2-0 and 16-14 Ma, as well as two less pronounced periods of enhanced effusive and explosive volcanism between 6-3 and 11-8 Ma for the Southwest Pacific, Central America, and the Cascades (Figure 13 ). The same pulses were also recognized in a tephra compilation from several DSDP sites and especially in Legs 66 and 67 Kennett et al., 1977; Kennett & Thunell, 1975) . Marine tephra records from Japan indicate similar periods of increased explosive volcanic activity between 2-0, 6-4,~8, and possibly 15-13 Ma (Mahony et al., 2016 ; Figure 13 ). In the Caribbean, Carey and Sigurdsson (2000) and Sigurdsson et al. (2000) studied the temporal distribution of ash beds at several ODP sites. They found periods of enhanced ash accumulation in the marine sediments of ODP Leg 165 during the Late Miocene (~11-7 Ma) and the Early to Middle Miocene (>12 Ma) as well as during the Oligocene and Eocene (Figure 13 ). Sigurdsson et al. (2000) already noted that their Late Miocene and Early-Middle Miocene peaks agree with results of Kennett and Thunell (1977) , , and although with a small temporal offset. The pronounced Quaternary and Pliocene peaks, however, were not detected in the Caribbean tephra records ( Figure 13 ). Our Pacific Central American record does, however, support all periods of enhanced eruption activity at <2, 3-6, 7-10, and 11-17 Ma and thus agrees with other regions around the ROF, allowing for some minor deviations in individual lengths of episodes.
Possible causes for these pulses of enhanced volcanic activity are thought to be related to changes in largescale plate tectonics (e.g., Mahony et al., 2016) or to climate influencing the lithospheric regime by suppressing or favoring magma ascent (e.g., glacial loading and unloading; e.g., McGuire et al., 1997; Rampino et al., 1979) or by affecting erosion and sedimentation rates. For example, Sigurdsson (1990) attributed variations in marine sedimentation rates to changes in atmospheric circulation due to climate changes. Von Huene and Scholl (1991) suggested that a larger amount of subducted sediments during the Quaternary led to an increase in arc volcanism over the last 2 Myr.
While our data cannot constrain any physical processes, we do observe some temporal coincidences between tectonic, climatic, and volcanic events globally.
1. The breakup of the Farallon into the Cocos and Nazca plates at about 23 Ma and subsequent rearrangements in the subduction zone caused large-scale topographic uplift and extension in northern Central America (Mann et al., 2007) , which may have enhanced volcanism. Additionally, this is also the time of superfast spreading on the East Pacific Rise, which lead to an increase in the convergence rate at the MAT. The Mid-Miocene pulse in volcanism also coincides with the peak in the Columbia River flood Figure 13 . The temporal relationship of Neogene and Quaternary episodes of high volcanic activity and tectonic and climatic events. Episodes of increased volcanism of Central America (CAVA) from this study. Caribbean data from Sigurdsson et al. (2000) and Carey and Sigurdsson (2000) . Episodes of increased volcanism of Japan after Mahony et al. (2016) . Data compilation of the SW Pacific, Central America, Cascades after Kennett et al. (1977) . Climatic and tectonic events after Zachos et al. (2001) , Rogers et al. (2002) , Mann et al. (2007) and Ferrari (2004) . CAVA = Central American Volcanic Arc.
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Geochemistry, Geophysics, Geosystems basalt volcanism associated with widespread extensional tectonics in western North America (Kohn & Fremd, 2008) , which indicates tectonic rearrangements along the Pacific-American boundary. The rapid rise of orogenic plateaus during this period (e.g., Tibetan Plateau and Himalaya), probably associated with changes in global plate tectonics, induced changes in global climate (Kohn & Fremd, 2008) . For instance, the Mid-Miocene climatic transition from optimum to disrupted conditions influenced bioproductivity and therefore character and amount of sedimentation on the down going plates along the ROF that may have influenced the magma generation at the arc systems ROF-wide. The Mid-Miocene transition also marks the beginning of the interplay of cold and warm periods due to orbital forcing (Holbourn et al., 2005) , which may have influenced the volcanism in the Mid-Miocene. 2. During the period of high volcanic activity between 10 and 7 Ma, northern Central America was bracketed between tectonic events in the north and in the south. In Mexico, the 11.5-6-Ma period of eastward migrating intense volcanism followed the eastward propagation of a slab tear that ultimately led to slab detachment and reduction of convergence rates (Ferrari, 2004) . In Nicaragua, slab rollback from 10 to 4 Ma caused associated extension (Mann et al., 2007) . In the global perspective, the 10 to 7 Ma intense volcanic period coincides with the Late Miocene global cooling (Herbert et al., 2016) and the onset of the Miocene reglaciation of the Antarctic ice sheet with global climatic consequences such as the intensification of the Asian monsoons (Ao et al., 2016) . The episodic pattern of enhanced ice-rafted debris deposition during times of deglaciation provides evidence that the Late Miocene east Antarctic ice sheets underwent dynamic large size variations at orbital time scales (Grützner et al., 2003) , implying periodic changes in isostatic loading of the ocean plates and the continents, but also the respective sedimentation (dust) on the ocean crust. 3. The episode between 6 to 3 Ma coincides with the proposed closure of the Panama isthmus associated with changes in plate direction and velocities possibly affecting magma generation at the Central American arc. This coincidence may be questionable since the exact timing of the closure is still under debate and the Caribbean volcanic record, close by, does not show this pulse. In summary, it seems that there is an interplay of tectonic and climatic forcing on the volcanic systems at the ROF or even globally that controls the activity on long timescales, but further studies are needed to understand the physical mechanisms.
Conclusions
We provide a stratigraphically classified tephra database of glass compositions of large-magnitude Quaternary to Neogene explosive eruptions at Central America, together with correlations of marine tephra layers to their terrestrial counterparts and source regions along the volcanic arcs. Additionally, we used the marine sedimentation rates in combination with tephra correlations to independently dated terrestrial deposits to build a chronotephrostratigraphy and obtained new ages for several eruptions already known on land. These data provide new insights into the overall lifetime and the number of major eruptions of the major volcanic centers in Guatemala and El Salvador. Volcanism in North Central America probably occurred in episodes since the Miocene with five pulses of enhanced activity during the Quaternary, the Pliocene (6-3 Ma), the Late Miocene (10-7 Ma), the Middle Miocene (17-11 Ma), and the Early Miocene (ca. >21 Ma).
